Numerical climate models render data in a gridded format which is often problematic for integrated analysis with other kinds of data in jurisdictional formats. In this paper a joint analysis of municipal Gross Domestic Product per capita (GDPc) and predicted temperature increase was undertaken in order to estimate different levels of human and economic exposure. This is based on a method of converting model outputs into a country municipal grid which enabled depicting climate predictions from the Eta-Hadgem2-ES Regional Climate Model (RCM) into the municipal level in Brazil. The conversion to country municipality grid was made using a combination of interpolation and buffering techniques in ArcGIS for two emission scenarios (RCP 4.5 and 8.5) and three timeframes (2011-2040, 2041-2070, 2071-2100) for mean temperature increase and number of heatwave days (WSDI). The results were used to support the Third National Communication (TCN) of Brazil to the United Nations Framework Convention on Climate Change (UNFCCC) and show a coherent matching of the gridded output from the original RCM. The joint climate and GDPc analysis show that in the beginning of the century the more severe warming is centred over regions where GDPc is generally higher (Centre-West and Southeast). At the end of the century, critical levels of warming spread north and northeastwards where municipalities have the lowest GDPc levels. In the high emission scenario (RCP 8.5), the strongest warming and the spreading over poorer regions are anticipated to the mid-century. These results are the key to further explore solutions for climate change adaptation based on current resources and prepare in different sectors, for long-term risk management and climate adaptation planning strategies.
Introduction
In the prospect of a changing and more extreme climate, different sectors in society have an increasing demand for Climate Services [1] including multi-scenario climate projections for climate change impact and risk assessments. In the context of Brazil, in the last 7 years a series of national and sectorial climate change policy documents have been developed, generating an unprecedented demand for climate information to support the National Policy on Climate Change, the National Adaptation Plan and the socioeconomic study Brazil 20˚40˚1.
Climate changes globally, and impacts and vulnerabilities are felt and expressed locally (IPCC WG II), needing high-resolution predictions beyond the current best resolutions of Global Climate Models (GCMs) to better indicate local and regional changes in climate patterns and extremes.
To overcome resolution limitations in GCMs, dynamical downscaling is often undertaken through nesting regional climate models (RCMs) within GCMs enabling greater resolution for climate impact and risk assessment [2] .
The Eta RCM has been developed by the Brazilian CPTEC/INPE and has been operational for weather forecasting since 1997. In recent years it has also been considered sufficiently robust for dynamical downscaling [3] and regional climate change studies [4] . The latest advancement in the Eta RCM is its 20 km resolution where, nested within two CMIP5 models (Hadgem2-ES and MIROC5) and the Brazilian Earth System Model (BESM). This allows for the first time to build a Poor Man's 2 multi-GCM ensemble which enabled a first evaluation and model intercomparison of Eta's regional climate simulations [5] .
Despite the higher-resolution of RCMs and the good capabilities of the Eta model in simulating South American climate features, the gridded format in which the data are delivered is difficult and often incompatible with other social and economic spatial data. This is problematic for assessing the implications and risks of climate change to different sectors, as impacts and planning for climate adaptation require a combined analysis of environmental pressures and socio-ecological resilience [6] . Without a compatible jurisdictional format, such analysis becomes inviable in most cases. Therefore, it is necessary to define a conversion methodology to interpolate model gridded outputs into a jurisdictional scale (municipality, state, country, etc.) ensuring that the spatial patterns and outputs from the original model are not substantially altered. With this latest 20 km resolution, it is now reasonable to conceive a municipalisation of climate simulations to accurately translate gridded climate model predictions into meaningful jurisdictional climate change data. This paper presents a methodology used to interpolate the gridded outputs from the Eta RCM into the Brazilian municipality network so as to enable an integrated analysis of climate, health and socioeconomic data to inform the Health Chapter of the Third National Communication (TCN) of Brazil to the UNFCCC. The municipality scale was chosen as a best common ground for integrated analysis combining climate model outputs, socioeconomic census data and data from the Brazilian Universal Health System (SUS) health database (DATASUS).
The municipal level also allows for an intra-state scale of spatial analysis which is the key to inform state health surveillance policies under climate change [7] . Learning from a science-policy interface experience was crucial to be informed about which jurisdictional level would deliver best analytical potential for policy planning and making in Brazil. This realisation draws from the experience with Brazilian health and environment stakeholders from lessons under the PULSE-Brazil project [8] . The municipal scale was pinpointed as the best spatial scale to analyze climate predictions allowing a comparison with socioeconomic and health data and having a climate change resolution at a sub-state level for the whole of Brazil. The methodology was also developed permitting straightforward replicability for future scenarios and model runs, as well as for different geographical contexts beyond Brazil.
The results from this municipalisation enabled the construction of a national database of climate projections in two emission scenarios (RCP 4.5 and 8.5) along three time periods until 2100, and for the 5565 Brazilian municipalities. The database was used to undertake two integrated analysis of climate change: 1) vulnerability due to socioeconomic and/or healthcare accessibility reasons [9] and 2) risk and impact [10] .
The Material and Methods section identifies the climate variables and analysis chosen to evaluate levels of future change as well as details on the spatial municipalisation technique applied. The Results section shows the maps resulting from the municipal climate outputs in two global emission scenarios: firstly for mean annual temperature change and secondly for heatwave days. In the Discussion section, the results for the latter are discussed more extensively. In order to illustrate this methodology, an example application is presented associating the results from the municipal climate projections and current municipal GDP per capita (GDPc), allowing for an analysis of socioeconomic exposure to mean temperature increase. Finally, the conclusions reflect upon the relevance of this methodology and data to generate useful information to support climate adaptation decisionmaking.
Material and Methods

Difference to Present (δT)
Temperature
The climate regional predictions used were from outputs of the Eta model nested to the UK HadGEM2-ES for two global emission scenarios: RCP 4.5 and 8.5 [5] . The data was divided into three future time frames of 30 years: 2011-2040; 2041-2070; 2071-2100, and one present baseline period; . In order to estimate the level of future change on mean annual temperature for each municipality in Brazil, the difference (δT) between future mean temperature (Tf) in each time frame in each scenario and the average temperature in the baseline (Tb) period was calculated.
T Tf Tb
δ = − (1)
Extreme Temperature Events-Heatwaves (WSDI)
Equation (1) was also used to calculate the level of change of a heatwave indicator. There are different heatwave definitions and metrics for multiple type of impact analysis where different methodologies are designed to identify impacts from heatwave events in climate time series in contrasting regional and sectorial contexts [11] - [13] as well as globally [14] [15]. One relevant aspect in designing heatwave metrics for human health impact studies is acclimatization. Human health impacts from heatwaves can vary depending on the capacity of different groups to thermoregulate, i.e. for their own individual bodies to acclimatise and adjust to heat. For this reason, it is very important to take into account recent previous temperatures [12] when assessing the impact of hot periods. Most heatwave metrics that have been applied in the context of a human health impact analysis use recent or past climate data and only a few use future predictions. That is the case for [13] who used an ensemble of RCMs to predict changes in heatwave features in Europe. However, estimations with the indices developed by [11] have not yet been applied to future predictions of climate under different global warming and/or land-use scenarios.
In this paper, we used the Warm Spell Duration Index (WSDI), a widely used heatwave index [14] [16]. This metric was developed by the World Meteorological Organization (WMO) Commission for Climatology (CCl)/ Climate Variability and Predictability (CLIVAR)/Joint Technical Commission for Oceanography and Marine Meteorology (JCOMM) Expert Team on Climate Change Detection and Indices (ETCCDI) [17] . The WSDI index expresses the number of days per year when maximum temperatures above the 90th percentile (Tx90th) occur for a period of 5 or more consecutive days [18] . The WSDI accounts for the existence of a thermal threshold adjusted or acclimatised to each grid point where it is calculated, for frequency (number of days in heatwave per year) and also considers the requirement for consecutiveness of excess heat days. However, it is unable to provide detail on heatwave features such as heatwave duration and intensity (as for instance [18] , which is of relevance for sectorial impacts, such as public health). Nevertheless, the WSDI provided for some acclimatisation features where the Tx90th percentile is calculated taking into account the temperature time series from each grid point. This means that for instance in normally hot regions, the threshold for a heatwave would be higher than in a location with a cooler climate. This is different from the indicators used by [18] where the temperature thresh-old was prescribed for the whole geographical domain.
The WSDI δT is the difference between the average number of heatwaves in future timeframes and the baseline timeframe in the 20 th century. The human health impact analysis from the results presented in this paper are explained and discussed in [18] .
Municipalization of Climate Gridded Data
The δT results calculated at a grid point scale were then imported into ArcMap software (ArcGIS) in a raster format and were converted into point data with the same resolution of the Eta model of approximately 20 km (Figure 1) .
The climate data for each municipality was calculated as the mean of each of the model grid-point values contained within each municipal jurisdiction.
Some municipalities were too small to have information from at least one point. To overcome this, a buffer with a 10 km Euclidean distance was created around each grid point expanding its domain and thereby covering the space without data in between each point (10 km buffer around each point covers the 20 kms in between each of them). Figure 1 shows the spatial coverage of the buffer, the detail of the Euclidean distance and Figure  2 shows the result without applying the buffer.
An example of the final application of the municipalisation technique explained here using a buffering technique is shown in Figure 3 comparing an original raster model dataset to the municipalised version of it.
Results
Increase in Future Average Mean Temperature (δT)
The δT results show a progressive warming trend through the 21st century. Warming is centred on the continental interior of the country, namely the Centre-West region spreading across to the interior of the South and Southeast regions. As time progresses into the 21 st century, warming expands southeastwards and northwards into the Amazon region and further into the Southeast of Brazil.
There is a clear warming gradient from coastal regions into the interior of the continent showing the enhanced differential warming effect of land over sea in the country, where coastal municipalities warm less than landlocked Results of the first spatial interpolation, before applying the buffering technique. In total, 1684 municipalities in Brazil did not get at least one point of data due to being too small. ones (Figure 4) .
By mid-century, even under the RCP 4.5 scenario, virtually the whole country has surpassed the threshold of 2˚C warming and the Centre-West region even exceeds 4˚C (Figure 5 ). This indicates that Brazil is likely to warm more than the world average (Figure 7) .
At the end of the century a greater difference between the scenarios emerges. In the RCP 4.5 most of the country warms above 2˚C whilst in the RCP 8.5 temperature increase goes over 4˚C for nearly the entire country. Despite this difference, both show the same patterns of warming, where higher warming is observed in the Centre-West and Southeast regions and over central Amazon around the Metropolitan region of Manaus (Figure 6) . Table 1 summarizes the warming trends of both scenarios across Brazilian municipalities, comparing with the average warming from the CMIP5 multi-model ensemble with the lowest, mean and highest municipal warming from the results from the municipal results for Brazil.
Temperature Extremes-Heatwaves (WSDI)
The WSDI δT results from the model outputs in Figure 7 reveal a spatially diverse and scenario dependent Table 1 . Summary of minimum, mean and maximum municipal temperature increase in average temperature in Brazil (in brackets the state code of the municipality is identified) using the Eta-Hadgem2-ES and MIROC5 models compared to the global mean of the CMIP5 multi-model ensemble in the two emission scenarios.
World (CMIP5) Brazil (Eta-HadGEM2-ES) Warming in 2071-2100
Global change in future projections across Brazil. In the North region, especially in Western Amazon, there is a continuous increase in the number of days under a heatwave, both in the RCP 4.5 and 8.5 scenarios. In fact, in both scenarios it is possible to identify a hotspot of increasing heatwave conditions along the state boarder between Amazonas and Pará states, being more extensive during the last timeframe. Other geographical changes become clearer with the municipalised results in Figure 8 . 
Discussion
Heat waves are a major extreme weather factor that have an impact on human health, where climate change poses an increasing risk of cardiovascular and respiratory diseases (IPCC, 2014). Climate and land-surface changes have been responsible for an aggravation of recent heatwaves [19] . The WSDI shows a surprising decrease in the number of heatwaves in the RCP 8.5 scenario across large parts of Brazil, despite major increases in mean annual temperature. We hypothesise that this arises because of large-scale drying. In regions with seasonal or occasional soil moisture heat-waves are associated with unusually dry periods and reduced evaporative cooling of the surface [19] . However, in regions which are permanently dry this mechanism of generating unusually hot "heat-wave" periods does not exist, because the surface is always dry. This is probably the reason why in the South and Southeast regions there seems to be a reduction on the number of heatwave days, despite the intense warming in mean temperatures (see Figures 4-6) and there being some municipalities where there is a change of above +3 days/year, as early as the mid-century (4.5 scenario in Figure 8) .
The main advantage of municipalizing climate predictions from gridded model outputs is enhancing integrated analysis between climate and non-climatic variables such as socioeconomic, environmental and health data, that invariably are organized under an administrative grid and in which the municipality is one of the finest in resolution.
This municipalisation technique was firstly applied for a climate change health risk and impact assessment also under the Brazilian National Communication to the UNFCCC. Details of such methodologies and findings can be found in [9] [10] [20] .
Example of a Joint Climate-Socioeconomic Analysis
Increases in mean temperatures can have different exposures and subsequent implications for human and ecosystems health, environmental services and human assets. The IPCC defines Exposure as the places where any of these can be adversely affected [15] by significant climate variations.
Hence, in order to assess levels of exposure, it is essential to identify which assets, services and people can be affected and especially where, why and how this varies across space.
In this section, a spatially integrated analysis was conducted combining the mean δT results from the RCP4.5 and 8.5 emission scenarios with municipal GDP per capita from the 2010 census in order to estimate the exposure of people and their economic resources to increased mean temperature across Brazil. While it is acknowledged that it has its shortcomings in for example, measuring real welfare and in taking into account distribution of wealth, GDP per capita is nonetheless considered a key component of human welfare as an estimator of the overall available financial resources and services available for a given population [21] . 
GDP per Capita and Municipal Temperature Increase Analysis
A quartile matrix of temperature increase (δT) and GDP per capita was created to enable the identification and spatial combination of low and high values of both indicators. Figure 10 shows the matrix with number classifications where the first digit defines the quartile of δT and the second digit the GDP per capita quartile. Hence, for example 41 stands for 4 -4 th quartile of δT; and 1 -1 st quartile of GDP per capita. Exposure per se is mostly controlled by δT, however its adverse effects on people are very much related with other socioeconomic [6] factors which GDP per capita is a good proxy of. The amount of available resources that create conditions of resilience to exposed populations and places as well as their adaptive capacity is an essential element to assess levels of exposure. Hence, the colours in the matrix represent a gradient of intensity of exposure where low GDP per capita aggravates exposure to higher warming. Ultimately, the matrix allows visualising places where warming may have stronger impacts but also further understand the implications of spatially unequal distributions of wealth under different levels of warming exposure from two different future global emission scenarios. 
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The results from this integration in Figure 11 in the RCP 4.5 scenario show that the more intense warming in the beginning of the century happens in the Centre-West, Southeast and South regions, which is where the wealthiest municipalities are located. However, by mid-century, most municipalities in the North region and the Northeast semi-arid (where the lowest levels of GDP per capita in the country are located) also reach the 3 rd and 4 th quartiles of warming.
In the RCP 8.5 scenario this trend is aggravated and anticipated. The main difference is that it is no longer the wealthiest municipalities having the top warming from the beginning of the century, but also many of the poorest in the North region which now have 3rd quartile warming, in comparison to 2nd and 1st quartile warming in the first time slice and in the RCP 4.5 scenario. The biggest change in this scenario however happens in the second time slice, when the end-of-the-century extreme warming from both scenarios is anticipated to the midcentury. This anticipation affects especially the most economically-prone municipalities which in the 4.5 scenario would only find such top temperature increases by the end of the century.
In conclusion, this exploratory integrated analysis of temperature increase and GDP per capita enabled a first identification of municipalities within the North and Northeast regions where, despite having a lesser warming rate, their risk from exposure to warming is considerably high due to their relatively lower wealth. The difference between scenarios also gives evidence that in RCP 8.5, economically vulnerable parts of the country will have less time to build resilience and adapt to climate change, as they are affected by the highest temperature increases earlier on the 21st century. 
Conclusions
This article presents the application of a novel spatial methodology that allows an interpolation of gridded climate model predictions into a meaningful jurisdictional framework, in this case, to the Brazilian municipal network. This work is an important step to allow an integrated spatial analysis of climate and socioeconomic and health data as part of a larger effort to analyze the vulnerability and impacts of climate change to human health in Brazil under the country's Third National Communication to the UNFCCC.
This technique was applied to the projected change in annual mean temperature and a widely-used heat-wave index (WSDI) allowing the identification and quantification of regional disparities between Brazilian cities of warming during the 21 st century under two different global emission scenarios. The results show a clear differential warming trend higher in the continental interior of the country comparing with coastland areas. The WSDI shows a spatially diverse and scenario dependent change except for the Amazon region where an increase in frequency of heatwaves days is continuous in both scenarios. The municipal analysis of heatwaves also enabled the identification of localized patterns of increased frequency of heatwaves days.
This paper also shows a practical application of this methodology exploring GDP per capita data and jointly analyzing spatial patterns of warming. The aim of this section is not to provide definite prognostics of Brazilian differential exposure to warming but rather to provide insight into the most vulnerable areas of Brazil. The results show that the regions with highest warming generally coincide with the higher GDPc municipalities of the country in the Centre-West, Southeast and South regions. However, important pockets of poorer municipalities are within these areas and, with lower resources, are more likely to suffer more negatively from steep increases in temperature.
Furthermore, it is important to note that the Centre-West region, where warming is the highest in Brazil, has only in the last 15 years achieved the top GDP quartiles, largely thanks to an increase of the agribusiness sector (namely into the Amazon forest region, through deforestation). With such increases in mean temperature, it is imperative to evaluate the economic implications of such extreme warming (even in a globally sustainable scenario) for the agribusiness sector in the region and the existence of potential climate thresholds at which the ecological viability of the current agribusiness model may be compromised and recent economic growth achieved may be reversed due to climate change. Furthermore, by mid-century, warming spreads into the North and the Northeast semi-arid, where the lowest levels of municipal GDP are located in Brazil.
